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Fig. 1. The kth user’s transmitter schematic for the generalized MC
DS-CDMA system.
since in many CDMA systems the transmitter aids the initial
acquisition by transmitting the phase-coded carrier signal
without data modulation, consequently, in a MC DS-CDMA
scenario, the outputs of the noncoherent subcarrier correlators
associated with the same phase of the local PN code replica
can be combined, as shown in [10]. Hence, in our analysis,
as in [10], noncoherent equal gain combining (EGC) and
selection combining (SC) schemes are investigated and their
performance is compared to that of the equivalent single-carrier
DS-CDMA scheme over frequency-selective Nakagami-
fading channels.
The remainder of this paper is organized as follows. In
Section II, the MC DS-CDMA system is analyzed as well
as the Nakagami- fading channel model are described in
more detail. Section III describes the serial search acquisi-
tion scheme as well as the equation quantifying the mean
acquisition time. In Section IV, we analyze the statistics of
the decision variables associated with both the EGC and
SC schemes, while in Section V, we derive the overall miss
probability and the false alarm probability. Our numerical
results and comparisons are outlined in Section VI, and finally,
our conclusions are offered in Section VII.
II. SYSTEM DESCRIPTION
The transmitter schematic of the th user is shown in Fig. 1
fortheMCDS-CDMAsystemconsidered,whichcanbeviewed
as the simplified transmitter schematic of the MC DS-CDMA
schemes studied in [20], [23]–[26]. For the MC DS-CDMA
system using serial-to-parallel conversion [23], [24], the trans-
mitted signal of user can be expressed as
(1)
where represents the transmitted power of the MC
DS-CDMA signal, while , and
represent the data stream, the DS spreading waveform, the
subcarrier frequency set and the phase angles introduced in
the carrier modulation process. The data stream’s waveform
consists of a sequence
of mutually independent rectangular pulses of duration
and of amplitude or with equal proba-
bility, where represents the bit duration of the binary data
before serial-to-parallel conversion. The spreading sequence
denotes the signature se-
quence waveform of the th user, where assumes values of
or withequal probability,while is therectangular
chip waveform, which is defined over the interval .
Let be the spreading gain of the subcar-
rier signals in the generalized MC DS-CDMA system
and be the spreading gain of a corresponding
single-carrierDS-CDMA system,where representsthechip
duration of the corresponding single-carrier DS-CDMA signal.
In the following analysis—for the sake of simplicity—we as-
sume that there exists no spectral overlap between the spectral
main-lobes of two adjacent subcarriers in the MC DS-CDMA
system. Moreover, we assume that each subcarrier signal
occupies an equal bandwidth and the total system bandwidth
is evenly divided among the number of subcarriers. Hence,
we have or and ,
since . Based on the above assumption, we can
infer that both the MC and the corresponding single-carrier
DS-CDMA system have the same information rate of and
the same system bandwidth of , which allows their direct
comparison in the forthcoming discourse.
We assume that the channel between the th transmitter and
the corresponding receiver is a multipath Nakagami- fading
channel [16], that the system supports users and that all users
have the same number of subcarriers, namely . Moreover, we
assume that the first user is the one that requires initial synchro-
nization, while the other users are synchronized and reached the
data transmission stage. Furthermore, we assume that all users
have the same average received power. Consequently, when
signals obeying the form of (1) are transmitted over the mul-
tipath Nakagami- fading channels, the received signal at the
base station can be expressed as
(2)
where is due to the carrier modulation and the fading
channel, represents the AWGN with zero mean and
double-sided power spectral density of . Moreover, the
multipath attenuations in (2) are independent Nakagami
random variables with a probability density function (PDF) of
[16] and [18]
(3)
where is the gamma function [27], is the Nak-
agami- fading parameter, while in (3) is the second
moment of . We assume a negative exponentially de-
caying multipath intensity profile (MIP) distribution given by
, where is the average signal
strength corresponding to the first resolvable path and is the
rate of average power decay. For more detailed information
concerning the Nakagami distribution, readers are referred to
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Fig. 2. Block diagram of generating the decision variable Z for the MC
DS-CDMA code-acquisition system.
III. SERIAL SEARCH ACQUISITION
The block diagram of the serial search mode and the detec-
tion mode designed for the MC DS-CDMA system is shown in
Fig. 2. The received signal is first down converted into in-phase
(I) and quadrature (Q) components associated with each sub-
carrier. Let us assume that the search step size is . For each
subcarrier a pair of I-Q correlators perform correlation between
thelocallygenerated PNsequence andthe Ias well
astheQbasebandsignalsinFig.2,whileintegrationtakesplace
over the interval dwell time of seconds. The outputs of the
I-Q correlators are then squared and summed, in order to gen-
erate the output variable in Fig. 2.
We assume that the transmitter aids the initial synchroniza-
tion by transmitting the phase-coded carrier signal without data
modulation at the commencement of each transmission. In the
MC DS-CDMA acquisition scheme of Fig. 2, since all sub-
carriers employ the same spreading code, as shown in Fig. 1,
and since we have assumed that no data modulation is imposed
during the acquisition stage, the outputs of the noncoherent
subcarriercorrelatorsseeninFig.2andassociatedwiththesame
phase of the local despreading code can be combined. Again, in
thiscontributiontwononcoherentcombiningschemes—namely
EGC and SC—will be investigated. Let be the
output of the combiner of Fig. 2, which represents the decision
variable.Let inFig.2beadecisionthreshold.Then,thesearch
and detection mode can be described as follows. Whenever the
decision variable exceeds the threshold , the system as-
sumes that the corresponding delay of the locally generated PN
sequence is the correct delay and proceeds to the verification
mode. Otherwise, if does not exceed , the relative phase of
the locally generated PN sequence is readjusted, in order to up-
date the decision variable , and the above process is repeated.
Note that, the verification mode is usually used to confirm a
stronger decision concerning the correct delay assumed by the
search mode [1], an issue not analyzed in this paper.
Thegeneralizedasymptoticequationforthemeanacquisition
time of serial search acquisition schemes has been given in [13]
and [15], which can be expressed as
(4)
where represents the total number of states in the uncertainty
region of the PN sequence, represents the false alarm prob-
ability of an asynchronous state ( cell), while repre-
sents the “penalty time” associated with noticing that there is
a false alarm and with re-entering the search mode. Further-
more, representstheoverallmissprobabilityofthesearch
mode,i.e.,thatoftheevent,whennoneofthecorrectlysynchro-
nizedphaseshavebeenfoundduringthetestsoverthewholeun-
certainty region. Let us assume that there are cells in the
totalof numberofstatesandthattheircorrespondingdetection
probabilitiesareexpressedas .Assuming
thatthetestofeachcellisanindependentevent,theoverallmiss
probability is defined as
(5)
Having described the search and detection mode as well as
having given the equation quantifying the mean acquisition
time, let us now derive the statistics of the decision variables.
IV. DECISION VARIABLE STATISTICS
Theoutputvariable ofFig.2matchedtothesubcarrier can
be expressed as
(6)
where and , while
is an integer. Let us assume that the pull-in range of the
code tracking loop used is . We assume that
acquisition has occurred, whenever of the reference
user in (2) and its estimate obey the relationship of
,whilethePNsequenceisnotacquired,
whenever this condition does not hold. Then, upon assuming
that the Gaussian approximation of the multipath interference
and that of the multiple access interference can be invoked, and
following the analysis of [15], it can be shown that both
and can be approximated by Gaussian random variables
having means given by
and [15]—where
the superscript of is deleted—if a cell is being
tested, and zero, if a cell is being tested. Assuming that
the MIP distribution given by is independent of the
subcarrier index and of the user index , then, it can be
shown that the variance for both and can be ex-
pressed as
, where
is the signal-to-noise
ratio (SNR) per chip (SNR/chip), and
is the chip energy, which remains constant for MC
DS-CDMA schemes using different values of , but having
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paths, , of the MC DS-CDMA signals. However, for a con-
stant integral dwell time , as shown in Fig. 2, the energy
collected by the single-carrier DS-CDMA detector during the
integral dwell time of is a factor of higher, than that col-
lected by the MC DS-CDMA correlators, since the number of
chips within the integral dwell time of for the single-carrier
DS-CDMAisafactorof higher, thanthatforMCDS-CDMA.
Bearing these relationships between the MC and single-carrier
DS-CDMA systems in mind, let us now estimate and compare
the code acquisition performance of the MC and single-carrier
DS-CDMA systems.
VI. NUMERICAL RESULTS
Inthissection,thecodeacquisitionperformanceofthesingle-
carrier and MC DS-CDMA systems were evaluated and com-
pared in conjunction with EGC and SC. The performance com-
parison between the single-carrier DS-CDMA system and the
MC DS-CDMA systems using different number of subcarriers
is based on the assumptions that these systems support the same
data rate and use the same total transmitted energy. In other
words, the same data block is transmitted by the above CDMA
systems within the same time duration using the same amount
of energy. As an application for the serial search considered, we
used a PN sequence of length 1023. Consequently, , which de-
termined the length of the uncertainty region, was 2046, since
the search step size was assumed to be half of the chip duration.
We have assumed that the integral dwell time, , was the same
for both the single-carrier and MC DS-CDMA systems, hence,
it is convenient for us to consider the normalized mean acquisi-
tion time, which was derivedfrom (4) divided by . All results
were evaluated from (4), (25), (27), and (29) for EGC and from
(4), (25), (30), and (32) for SC, while from (4), (25), (34), and
(36) for single-carrier DS-CDMA. Note that, the system param-
eters were shown at the top of each figure.
Fig. 3 shows the influence of the fading parameter and the
numberof subcarriers ontheoverallmiss probability forboth
the EGC [Fig. 3(a)] and the SC [Fig. 3(b)] schemes, where the
values of , and represent Rayleigh fading, Rician
fading and near-AWGN channels, respectively. From the re-
sults, we observe that for both the EGC scheme of Fig. 3(a) and
for theSCarrangementof Fig.3(b) assuminga sufficientlyhigh
signal-to-noise ratio (SNR)/chip value, the overall miss proba-
bility decreases, when or increases. However, the reduc-
tion of the overall miss probability for the EGC scheme due to
increasing is more significant, than that for the SC scheme.
As seen in Fig. 3(b), it is difficult to distinguish the curves for
, when the SNR/chip is lower than 8 dB. By con-
trast, for the EGC scheme of Fig. 3(a), we can obtain at least
2-dBgainoverthewholerangeconsidered,when isincreased
from one to two, or from two to four, respectively.
In Fig. 4, we evaluated and compared the overall miss
probability versus the threshold performance of both the
single-carrier and MC DS-CDMA systems for the Rayleigh
fading, Rician fading and near-AWGN channels. As expected,
the overall miss probability of both EGC and SC increases for
a given value of and for a given value of , as the threshold,
, increases. In addition to our observations in Fig. 3 with
(a)
(b)
Fig. 3. Overall miss probability versus the SNR per chip, ￿ , performance for
the single-carrier serial search acquisition (U =1 )and for the MC (U =2 ;4)
DS-CDMA schemes over multipath Nakagami-m fading channels using m =
1;2; and 50..
respect to and , in Fig. 4 there exists a crossover point
for the curves associated with , and for any given
value of . It can be shown that for the threshold values to
the left of the crossover point, the overall miss probability
decreases, when the channel fading becomes less severe, i.e.,
when increasing the value of . However, for threshold values
to the right of the crossover point, the overall miss probability
increases, when the channel fading becomes less severe. From
the results we notice furthermore that, for the EGC scheme, the
crossover point moves to the right, when increasing the number
of subcarriers combined, while for the SC scheme the crossover
point changes insignificantly, when changing the number of
subcarriers combined.
Fig. 5 shows the mean acquisition time performance versus
the threshold and the SNR/chip for the EGC scheme
[Fig. 5(a)] and for the SC scheme [Fig. 5(b)], respectively.YANG AND HANZO: SERIAL ACQUISITION PERFORMANCE OF SINGLE- AND MULTICARRIER DS-CDMA 699
(a)
(b)
Fig. 4. Overall miss probability versus the threshold, h, performance for the
single-carrier serial search acquisition (U =1 )and for the MC (U =2 ;4)
DS-CDMA schemes over multipath Nakagami-m fading channels using m =
1;2; and 50.
It is clear from Fig. 5(a) and Fig. 5(b) that an inappropriate
choice of the detection threshold can lead to severe in-
crease of the mean acquisition time, but the sensitivity of
the mean acquisition time to the threshold decreases, as the
SNR/chip increases. For any given SNR/chip value there exists
an optimal choice of the threshold , which minimizes the
mean acquisition time. In addition, for any given threshold
, the mean acquisition time decreases, as the SNR/chip
increases, and finally can reach a residual value, which is
essentially due to the “penalty time” associated with switching
back to the search mode after a false alarm. This value can
be computed from (4) by setting , resulting in
.
Fig. 6 presents the mean acquisition time performance of
the EGC [Fig. 6(a)] and SC [Fig. 6(b)] schemes against the
threshold . For any given number of subcarriers combined and
(a)
(b)
Fig. 5. Mean acquisition time versus the SNR per chip, ￿ , and versus the
threshold, h, performance for the serial search acquisition of MC (U =4 )
DS-CDMA over multipath Rayleigh (m =1 )fading channels.
foragivenvalueof ,thereisanoptimalchoiceofthethreshold
, which leads to the minimum mean acquisition time. At the
optimal value of , we notice that for the EGC scheme using
the mean acquisition time performance is degraded,
when increasing the value of , while for the EGC scheme
using and the optimum threshold, the mean acqui-
sition time performance is slightly improved, when increasing
the value of . However, for the SC scheme and for any given
, the mean acquisition time performance at the optimal value
of is degraded slightly, when increasing the value of . Fur-
thermore, if the value of the threshold is set inappropriately, the
mean acquisition time will significantly increase, which is fur-
ther aggravated upon increasing the value of for -values in
excess of the optimum. Taking the EGC scheme of Fig. 6(a) as
anexample,thisobservationcanbeexplainedwiththeaidof(4),
(29), and Fig. 4(a) as follows. According to (29), the false alarm
probability is a constant for a given value of and for a given700 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 1, NO. 4, OCTOBER 2002
(a)
(b)
Fig. 6. Mean acquisition time versus the threshold, h, performance for the
single-carrier serial search acquisition (U =1 )and for the MC (U =2 ;4)
DS-CDMA schemes over multipath Nakagami-m fading channels using m =
1;5.
valueof .Moreover,for thegivenvaluesof , and ,
it can be shown from (4) that the mean acquisition time depends
only on the overall miss probability, . The mean acqui-
sition time increases, as the overall miss probability increases.
According to Fig. 4(a), for any given value of , there exists
a crossover point, above which the overall miss probability in-
creases, when increasing the value of , and below which the
overall miss probability decreases upon increasing , respec-
tively. Consequently, for a given value of , if the threshold is
set lower than the crossover point, the mean acquisition time
will decrease, when the value of increases. Conversely, if the
threshold is set higher than the crossover point, the mean acqui-
sitiontimewillincrease,whenthevalueof increases.Further-
more, according to Fig. 4(a), since the crossover point occurred
at around the overall miss probability of and since in (4)
(a)
(b)
Fig. 7. Mean acquisition time versus the threshold, h, performance for the
serial search acquisition MC (U =2 ) DS-CDMA schemes over multipath
Nakagami-mfadingchannelsusingm =1 ;5andtheMIPdecayingparameters
of ￿ =0 ;0:2;0:4;0:6;0:8;1.
the overall miss probability appears in the form of
and , the reduction of due to increasing
has little influence on these terms. Hence, the improvement
of the mean acquisition time performance due to increasing
is insignificant, as shown in Fig. 6(a). However, threshold
values higher than the crossover point may have significant in-
fluence on the terms of and , since
in this range the overall miss probability is higher than .
Consequently, in this -range, we observe that the mean acqui-
sition time increases significantly, when increasing the value
of . However, as we noticed in the context of Fig. 6(a), the
mean acquisition time performance of the EGC scheme is im-
proved significantly and becomes more robust to the threshold
for values in excess of the optimum, when more subcarrier sig-
nals are combined.However,in contrast totheEGC scheme,for
the SC scheme the improvement of the mean acquisition time